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In previous papers a theory is developed which enables us to predict 
the behavior of Lamirmria  when transferred from sea water to toxic 
solutions and then replaced in sea water.  If the theory is sound it 
should  also  enable  us  to  predict  the  behavior  of  tissue  transferred 
from one  toxic solution to  another.  In order to put this to a test a 
variety of  experiments  was  made in which  the  tissue was  exposed 
to several solutions in succession. 
The  experiments  and  calculations were  carried  out as  previously 
described. 
I.  Alternate Exposure  to NaCl and Sea  Water. 
The  procedure  may be  illustrated  by  a  typical experiment,  the 
results of which are shown in Fig. 1. 
The tissue was exposed for 20.8 minutes  t to 0.278  ~  NaC1,  during 
which time the resistance fell from 100 to 74.03 per cent.  The tissue 
was  then  replaced  in  sea  water.  The  resistance  at  any  time,  TR, 
after this replacement may be calculated by means of a formula which 
has  been  explained  in  a  previous  paper.  2  The  formula  may  be 
expressed as follows: 
KA  -KATR  Resistance=(A--kS)(K~----~_Ka)(e\  /  \  --e  --KMTR')+ M  e  --KMTR  + L/O'~)-b 10. 
(1) 
t This is corrected from 20 minutes (as explained  in a previous paper  2) in order 
to make it conform to the standard  curve.  An example of this is given in the 
present paper in discussing the change of resistance which occurs during  the 
second exposure  to NaC1. 
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in which KA  =  0.0036, Ku  =  0.1080 and M  is equal to the observed 
resistance at the moment when the tissue is replaced in sea water less 
10 (since the base line of the curve is taken as 10). 
The value of A  may be obtained by the formula 
--K~Te 
A  =  2700 e  (2) 
in which Ka  =  0.018 and Ts is the time of exposure to NaC1  (in this 
case 20.8 minutes). 
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FIG. 1.  Curves showing the electrical resistance of Laminaria agardkii in NaCI 
0.52~ and in sea water.  Unbroken line, calculated values; broken line, observed 
values  (at the extreme right these coincide).  Average of ten or more experi- 
ments; probable error of the mean less than 10 per cent of the mean. 
The value of S may be obtained by the formula 
/  KR  \/--KRrs  --KsTs~  --KsTs 
in which Ks  =  0.04998 and Ks  =  0.02856. 
The value of O may be obtained by means of the formula 
KN 
in which Ku  =  0.03 and Ko  =  0.0297. W.  J.  V.  OSTERHOUT  613 
The value of L may be obtained by means of the formula 
KA  --  KA  TR  90  L=lOO--[27OO(K---M-~a_Ka)(e  --e--KMTR)-t  -  e--KMTR-t-IO  1  (5) 
in which KA  =  0.0036  and KM  =  0.1080 (these are the normal values 
in sea water). 
After 20.8  minutes  in  the 
formulas  (2),  (3),  and  (4)) 
obtained: A  =  1856.80,  S  = 
the tissue has been replaced 
the value of T~ (in formulas 
is found to be 1.33. 
solution  of  NaC1  the  value  of  TE  (in 
is  20.8  and  the  following  results  are 
484.06,  M  =  64.03,  O  =  88.41.  When 
in sea water and left for  10.4  minutes  3 
(1)  and (5))  is  10.4 and the  value  of L 
Substituting  these values  in  formula  (1)  we  find  that  when  the 
tissue  has  been  replaced  in  sea  water  the  resistance  at  the  end  of 
10.4  minutes is  83.49.  Proceeding in  this  manner we  calculate the 
resistance  at  various  intervals  after  replacement in  sea  water  and 
obtain  the first  (calculated)  recovery curve shown in  Fig.  1.  It is 
evident that it is in fairly good agreement with the observed values. 
After 200  minutes in  sea water  (during which the resistance rose 
to 87.10  per cent and remained practically constant)  the tissue was 
replaced  in  the  solution  of  NaC1.  In  the  course  of  21.2  minutes  4 
the resistance fell from 87.10  to 64.18.  It was then replaced in sea 
water.  The  recovery curve may be  calculated  as  before,  the  only 
differences being as follows: 
1.  On replacing the  tissue  in  sea water  the  destruction of O  (by 
the  reactions  N--~--*.P)  ceases  (or  becomes  negligible);  hence  the 
value  of O  at  the beginning of 'the  second exposure  (if equilibrium 
has been reached) is that of the observed resistance less 10, or 87.10  - 
10  =  77.10.  We find by means of  formula (4)  that when O at  the 
start equals 90 it loses  11.95 during an exposure of 21.2  minutes to 
the solution of NaC1, but as it only equals 77.10 at the start the loss 
will be 11.95 (77.10+90)  =  10.23.  Subtracting this from 77.10 gives 
66.87,  the value of O  at  the end of the second exposure, and adding 
10 (since the base line is 10) makes 76.87,  the level to which the resist- 
ance should rise after the second exposure. 
s This is corrected from 10 minutes~ as explained in a  former paper. 
4 The actual time was 20 minutes: the manner in which the corrected figure is 
obtained is explained in a  subsequent paragraph.~ 614  TIIEORY 0FI~JURYA_N'DRECOVERY.  Ill 
2.  At the start  of the first recovery  5 S  is rapidly converted into A 
but is partially restored during  the subsequent stay in sea water and 
at the beginning of the second exposure equals 2.7  (O +90)  in which O 
has the value given above (77.10). 
3.  During  exposure  to  NaC1  the  value  of R  diminishes  from  R0 
to RI according to the formula 
=  --  (0.0498)42  Rt = Roe--  KI~TE  1041.77  e  (6) 
in  which  R0  =  the  value  of R  before  the  first  exposure  (1041.77) 
and Te equals the total exposure to NaC1 (20.8  +  21.2  =  42). 
It is evident that unless R is restored during the period in sea water 
the  speed  of  recovery  will  fall  off  somewhat  with  each  successive 
exposure. 
4.  The  value  of M  is  the  observed  resistance  (at  the  end  of  the 
second exposure) less 10 or 64.18  -  10  =  54.18. 
5.  The value of A  is obtained by multiplying by 30 the resistance 
observed at equilibrium  (less  10).  This is based upon the following 
considerations: 
Just  before  the  beginning  of  the  second  exposure  A  and  M  are 
assumed  to be in equilibrium  in sea water,  in which case as much of 
A  must  decompose in  any minute  as of M  (otherwise M  would not 
remain  constant).  But  the  amount  of  A  which  decomposes  in  1 
minute is AKa and of M  is MKu; and since Ku is 30 times as great 
as  Ka  it  follows that  A  =  30M.  At  the  beginning  of  the  second 
exposure M  =  87.10 -  10 =  77.10 and A  =  (77.10)30  =  2313. 
In  order  to  ascertain  how  the  resistance  would  change  during 
the second exposure if it conformed to the standard  curve employed 
in a previous paper  2 we may employ the formula 
Resistance  =  2313\Ku_KA] \  --e  +  77.1  e  10  (7) 
in  which Ka  =  0.018,  Ku  =  0.540  and  Tp.  =  time  the  tissue has 
remained  in  the  solution  of  NaC1.  Comparing  the  values  thus 
obtained with the observed resistance after an exposure of 20 minutes 
5  If the value of O were 90, S would be completely restored to its original value 
of 2.7 but since O has fallen to 77.10 it can only restore S to 2.7 (77.10 + 90). W.  J'.  V.  OSTEI~HOUT  615 
we find that if the time is multiplied by 1.06 (making it 21.2 minutes) 
the  observed  resistance  (64.18)  agrees  with  the  standard  curve. 
This figure is therefore adopted.  The value of Ts  in  formulas  (2), 
(3)  and  (4)  should  now correspond  to  the  total  exposure  to  NaC1, 
and is 20.8 +  21.2  =  42. 
These  data  were  employed  in  calculating  the  second  recovery 
curve and the results are shown in Fig.  1.  The third recovery curve 
was calculated in the same fashion. 
Instead  of  waiting  for  the  establishment  of  equilibrium  we may 
replace  the  tissue in NaC1  after it has  been for a  short  time in  sea 
water.  During the  fourth  recovery,  after  the  tissue  had  been  10.2 
minutes in sea water  and  the resistance  imd  risen  to  54.92  per cent 
it  was  replaced  in  sea  water:  the  subsequent  fall  in  resistance  was 
calculated  by  means  of  formula  (7).  For  the  value  77.1  in  this 
formula we must substitute the observed resistance less 10, or 55.89 - 
10  -- 45,.89; and in place of 2313 we must substitute the present value 
of A.  We  assume  that  at  the  beginning  of the  fourth  exposure  to 
NaC1 equilibrium had been reached in sea water: hence as the resist- 
ance  was  68.10  the  value  of A  (which  we may  call  At)  is,  At  = 
30(68.10-10).  During  the  fourth  exposure  to  NaC1  (lasting  20.4 
minutes) the value of At diminished to A2 according to the form41a 
-(0.018)20.4 
Ate  =A~ 
On replacing  the tissue in sea water A2 was augmented by the con- 
version of S  into A.  The value of S  is found according  to  formula 
(3)  in which  Te is equal to the total time of exposure  (20.8  +  21.2 
+  20.8 +  20.4  =  83.2).  We may call this St.  Hence the value of A 
immediately after replacement in sea water is A,  =  A~ +  St.  Dur- 
ing  the  subsequent  10.2  minutes  in  sea water  Aa  diminished  to  A4 
according to the formula 
A ~ e-  (0.0036) 10.2  =  A 4 
But at the same time it received an addition from the decomposition 
of O; the amount  of this may be found as follows: The loss of A  in 
sea water under normal conditions  6 in 10.2 minutes is 
6  The principle upon  which this  formula is based is explained in a previous 
paper in discussing the loss of M and its replacement by O.  In the present case 
the effect of S is negligible since the amount of S in sea water is only 2.7. 616  'I'BEORY OP  INJURY .A_N'D 1ZECOVEI~Y.  III 
Loss= 2700- (2700e--(0"0036)10"2)=97.26  (s) 
and this could be completely replaced by O if 0  were intact.  But 
since  O  has  diminished  7  from  90  to  50.86  it  can  supply  only 
97.26(50.86  +  90)  =  54.95.  This must be added to A  giving A5  = 
A4 +  54.95.  The value of A5 must be substituted for 2313 in formula 
(7).  This enables us to calculate the fall of resistance after the last 
recovery (of 10.2 minutes).  Fig. 1 shows the values so obtained and 
also the observed values. 
II.  Alternate  Exposure to CaCl, and Sea Water. 
When the tissue of Laminarla  is  transferred from sea water to a 
solution of CaCb  (of the same conductivity as sea water)  the resist- 
ance rises and then falls as shown in Fig. 2.  When it is replaced in 
sea vcater the resistance falls (much more rapidly than if left in the 
solution  of  CaCI,)  and  eventually  becomes  stationary.  This  fall 
of resistance may be spoken of as recovery, since it may be regarded 
as  analagous to  the  rise  of resistance which  occurs  when  tissue is 
transferred from NaC1 to sea water. 
Recovery after exposure to  CaC1,  may be calculated in precisely 
the  same  manner  as  recovery  after  exposure  to  NaC1.  The  only 
difference is  that  in  formulas  (2),  (3),  (4),  (6),  and  (7)  we  must 
employ for the velocity  constants  (KN, Ko,  KR, Ks,  Ka  and K~a) 
the values given for CaC1, in Table II of the preceding paper. 8  In 
formulas  (1)  and (5)  the values of the velocity constants are always 
the same (KA  =  0.0036 and KM =  0.1080)  since these are the values 
which are normal for sea water. 
Results of such calculations are shoWn in Fig. 2 together with the 
observed values. 
This is calculated as follows: At the beginning of the fourth exposure 0  = 
68.10 -  10 = 58.10.  If its value were 90 it would lose 11.23 during an exposure 
of 20.4 minutes to NaC1.  Since  O = 58.10 the loss will be 11.23 (58.10 + 90) 
= 7.24: subtracting this from 58.10 we have 50.86. 
s Osterhout, W. J. V., J. Gen. Physiol., 1920-21, iii, 415. W.  j.  V.  os'rERHOUT  617 
15o- 
% 
1oo~ 
% 
5o 
0  Ca  Cl~ 
o  Sea Water 
,j- 
o  4~  M~Nu~S  8~o 
FIG. 2.  Curves showing the electrical resistance of Z~mi~ri~ agardhii in CaCl~ 
0.278M and in sea water.  Unbroken  line, calculated values; broken Hne, observed 
values.  Average of ten or more experiments; probable error of the mean less 
than 10 per cent of the mean. 
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FIG. 3.  Curves showing the electrical resistance of Laminaria agardkiiin NaC1 
0.52M, in CaCI~ 0.278M and in sea  water.  Unbroken line,  calculated values; 
broken line, observed values.  Average of  ten or  more  experiments; probable 
error of the mean less than 10 per cent of the mean. 618  THEORY  OF IN'JURY AND  RECOVERY.  Ill 
III.  NaC1, Sea  Water,  CaCl~, Sea  Water,  etc. 
It seemed desirable to test the theory further by varying the experi- 
ments in the manner shown in Fig. 3.  The calculations are made as 
already explained.  It will be noticed that in this and in some other 
experiments the  resistance rises  rather more rapidly in  CaC12 than 
the calculations would lead us to expect.  This is due to the fact that 
the  "standard  curve"  for  CaCl2,  which  was  based  upon previous 
experiments made under different conditions, seems-to be a little too 
low for the present material. 
IV.  CaCI~, NaCl, Sea  Water,  etc. 
A  series of experiments was made to determine the effect of CaCI2 
followed directly by NaC1.  The results  are shown in Fig.  4.  The 
rise in CaC12 during the first 91.8 minutes is calculated in the usual 
manner.  In  order  to  calculate  the  subsequent  drop  in  NaC1  we 
must  substitute  in  formula  (7)  the value  of M; i.e.,  the  observed 
resistance (less 10) at the beginning of exposure to NaC1.  In place of 
2313 we must substitute the value of A, which is A1 =  2700, -(°'°°18~9t'8 
During the exposure of 60.6 minutes to NaC1 the value of A changes 
from A1 to A~ =  Ale  -~°°*s)6°'6 
This value must be substituted for A in Formula (1)  in calculating 
the recovery in sea water. 
In finding the value of S  (by means of formula (3)) we must remem- 
ber that during the 91.8 minutes in CaC1, the value of R (which at the 
start  is  R0  =  1041.77)  diminishes  from  R0  to  R1  according  to  the 
formula 
--91.8KR 
R,  =  Roe 
K R in  CaCI~  =  0.012532  (See Table  II  of  the  preceding  paperS). 
During the 60.6 minutes in NaCI R, diminishes to R2 according to the 
formula 
-60.6 KR 
R2  =  R1 e 
KR in NaC1 =  0.04998. 
We must also bear in mind that O diminishes during the exposure.- 
Since this process is  6  times as rapid in NaC1  as in  CaCl,  we may W.  J.  v.  OSTERHOUT  619 
consider 91.8 minutes in CaCh  to be equivalent to 91.8  +  6  =  15.3 
minutes in NaC1  and the  total exposure to be equivalent  to 60.6  + 
15.3  =  75.9 minutes in NaC1. 9  The value of O  may then be found 
by means of formula (4). 
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FIG. 4.  Curves showing the electrical resistance of Lamimr~ agardhii in NaCI 
0.52M, in  CaCI~ 0.278•  and  in  sea water.  Unbroken line,  calculated values; 
broken line, observed values.  Average of ten  or more experiments; probable 
error of the mean less than 10 per cent of the mean. 
9 This involves the assumption that Ois not restored to any extent during recov- 
ery in sea water.  This assumption may not be quite correct, especially at  the 
start, but even in that case the present calculation  would  not  be  appreciably 
altered. 620  TI{EORY OF INfU'RY AND  RECOVERY. 
% 
V.  CaCl2, NaCl,  CaCl2, NaCl, Sea Water, etc. 
A  series of experiments was performed in which tissue was placed 
in CaCI~ for 30 minutes,  then in NaC1 for 10 minutes,  then in CaCh 
for  60  minutes.  The  tissue  was  allowed  to  recover  in  sea  water, 
after which it was placed in CaC1, for 360 minutes, and then in NaC1. 
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FIO. 5.  Curves showing the electrical resistance of Laminaria agardhii in NaCl 
0.52M,  in CaCI~ 0.278x¢  and in sea water. Unbroken line,  calculated  values; 
broken line,  observed values. Average of ten or more experiments;  probable 
error  of  thc  mean  less  than I0  per  cent  of  the  mean. 
In this  case the observed time was not correctcd (i.e.,  was not 
multiplied by a factor) as in the previous calculations.  In conse- 
quence the calculatcd and observed values do not correspond at the 
beginning of each exposure, the only exception being after recovery 
in  sea  water,  in  which case  it  was assumed  ~°  that  equilibrium  had been 
io  In  this  ease  thc  tissue  did  not  remain long  enough  in  sea  water  to  establish 
equilibrium  but  it  was  so  nearly  established  that  only  a  very  small  error  is  involved 
in  regarding  it  as  complete.  In  cases  where  it  is  not completely  established  the 
final  equilibrium  may bc approximated  with  sufficient  accuracy  by  extrapolation. w.  J.  v.  OSTEI~OUT  62I 
reached and that in consequence A 0 --  30M  (the value of M  being 
that of the observed resistance less 10).  This value of A  was taken 
for  the  subsequent  calculations.  During  the  subsequent  exposure 
to CaCb  A0 diminished to A1 according to the formula 
-  (0.0018)360 
Al=Aoe 
and  this  value was used in calculating the fall of resistance during 
the final exposure to NaC1. 
Experiments similar to those shown in Figs.  1, 2,  3, 4, and 5 have 
been made, in which mixtures of NaC1  q-  CaC1,  have been  used in 
a  variety of ways.  In this case we employ for the calculations the 
constants  appropriate  for  each  mixture,  as  given  in  a  preceding 
paper)  In general the agreement is satisfactory. 
It  should  be  noted  that  we  do  not employ new  constants  to  fit 
these  curves  but  that  in  every case  we  use  the  constants  already 
determined as  the  result  of  other  and  quite  different experiments. 
In view of this the results have a special significance. 
These experiments,  and  those described in previous papers,  seem 
to  afford a sufficient test of the theory.  The agreement between the 
calculated and  observed values appears  to be satisfactory whenever 
a  sufficiently large number of  readings  are  averaged in  arriving  at 
the observed values. 
It is evident that the equations which have been developed enable 
us  to  predict  the  behavior  of  the  tissue  under  a  great  variety  of 
conditions. 
The  mechanism  which  has  been  postulated  in  developing  these 
equations consists .essentially of a series of catenary reactions.  There 
can  be  no  doubt  that  catenary reactions  play  a  large part  in  life 
phenomena and it would seem that the rSle assigned to them in the 
present discussion involves no unreasonable assumption. 
It may be desirable to call attention to features of this mechanism 
which  are  of  general  interest  from  a  theoretical  viewpoint.  It  is 
evident that by means of a  simple catenary system we can account 
for  practically  all  the  processes  which  occur  in  the  organism.  If 
such a  system is present in the egg we can easily picture all of the 
subsequent  development as  due  to  this  system,  without  the  intro- 622  TIIEO:P.Y  O~'  INJURY  AND  RECOVERY.  m 
duction of any new reactions.  All that we need to postulate is that 
during development the relative rates of the reactions change.  The 
processes involved in irritability, as wel as those concerned in injury 
and  death,  may  be  accounted  for  in  this  way.  We  thus  arrive 
at  a  very  simple  conception  of  the  underlying mechanism  of  life 
processes,  which  may be  useful  in  formulating  a  theory  of  living 
matter. 
As an illustration of the effect of changes in relative rates we may 
take the substance, M, in the series 
O--)  S--*  A -*  M--~  B . 
It is  evident that we may increase the value of M  in  a  variety of 
ways, as by increasing the rate of O--->S, S~A,  A---)M,  or of any two 
of these reactions, or of all of them simultaneously.  We may decrease 
the  mount  of M  by decreasing the  rates  of  these reactions or by 
increasing the rate of M~B  (or increase M  by decreasing this rate). 
We may likewise increase (or decrease) M  by increasing (or decreas- 
ing)  the mount  of 0.  Furthermore if side reactions occur, such as 
N--,'O--,P or R--,S--,T  their rates will also affect the amount of M. 
It must also be remembered that  any one of the substances in  the 
system might act as an accelerator or inhibitor of any of the reactions. 
With such a system a great variety of processes is possible. 
It is possible that such systems may play an important r61e in the 
fundamental processes of living matter. 
SUMMARY. 
Tissues  of  Laminaria  transferred from  sea  water  to  solutions  of 
pure salts, and thence to other solutions of pure salts, or to sea water, 
behave in a  manner which can be predicted by means of the equa- 
tions previously developed. 
The behavior of the tissue may be explained as due to a  series of 
catenary reactions.  It is possible that a  simlar explanation may be 
applied to other fundamental life processes. 